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ABSTRACT

We examine through analytical calculations and finite element simulations how the detection efficiency of disk and wire-like biosensors in
unmixed fluids varies with size from the micrometer to nanometer scales. Specifically, we determine the total flux of DNA-like analyte molecules
on a sensor as a function of time and flow rate for a sensor incorporated into a microfluidic system. In all cases, sensor size and shape
profoundly affect the total analyte flux. The calculations reveal that reported femtomolar detection limits for biomolecular assays are very
likely an analyte transport limitation, not a signal transduction limitation. We conclude that without directed transport of biomolecules, indivi dual
nanoscale sensors will be limited to picomolar-order sensitivity for practical time scales.

Tremendous progress is being made in the development of
microanalytical systems for biosensing, driven by parallel
advances in biotechnology, microtechnology, and micro-
fluidics.1,2 The advantages of small, highly integrated systems
include more rapid and multiplexed analysis and reagent
sample volumes reduced to the microliter range. When
combined with innovative signal transduction technology,
microsystems have recently achieved specific biomolecular
detection at roughly femtomolar (fM) concentrations, cor-
responding to just a few thousand (or even a few hundred)
analyte molecules in the sample volume.3-5 Concurrently,
many research groups have been developing micrometer or
nanometer scale sensing elements based on novel transduc-
tion mechanisms.5-11

Many researchers of nanometer-scale phenomena focus
on the fact that miniaturizing a sensor often increases its
signal-to-noise ratio (S:N), an inherent advantage for signal
transduction, but the effect of nanoscale miniaturization on
the overall sensitivity, which includes mass transport effects,
has not been widely considered. For example, whether
nanometer-scale sensors are intrinsically more sensitive
overall than micrometer-scale sensors has not been fully
examined. In this letter, we use experimentally verified12-14

analytical solutions to examine the maximum sensitivity with
which micro-to-nanoscale sensors of various geometries can
detect biomolecules from solution. Our principal goal is to
explicitly examine mass transport effects on biosensing at
the nanoscale; however, the calculations also lead us to
conclude that reported femtomolar detection limits for
bioassays are likely an analyte transport limitation, not a
signal transduction limitation. The implication is that, without
methods to actively direct biomolecules to a sensor surface,

individual nanoscale sensors will be subject to picomolar-
order detection limits for practical time scales.15

In the past decade, several papers have analyzed the effect
of flow,16-18 size,13 or adsorption isotherms19 on biomolecular
adsorption; however, none have explicitly examined the
effect at nanometer length scales. This effect is most easily
examined using a simple geometrysa single hemisphere that
protrudes from a plane (Figure 1 inset) and that irreversibly
adsorbs analyte. Irreversible adsorption is a useful assumption
in that it establishes anupper boundto the number of
molecules that can accumulate on a sensor and, in practice,
is a reasonable approximation for a strongly binding molecule
such as DNA. Using this model, one may determine the
maximum number of molecules attached to the hemisphere
as a function of time, i.e., the accumulationN, defined20 as

whereJ is the total flux (molecules s-1), j is the flux at the
sensor (molecules s-1 m-2), σ is a unit area,A is the sensor
area, andt is time. For sensors that require a threshold
number of molecules for detection, the accumulation is more
important than the flux because it determines how quickly
that threshold is reached.

For a hemispherical sensor, the accumulation is uniform
across the surface and is given by

whereNA is Avogadro’s number,c0 is the initial solution* Corresponding author. E-mail: paul.sheehan@nrl.navy.mil.
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concentration, anda is the radius of the hemisphere. For
this and the other examples to be discussed, we will use a
diffusion constant,D, of 150µm2 s-1, corresponding to that
for single-stranded DNA about 20 nucleotides long.21 Equa-
tion 2 may be used to answer the following practical
question: if every analyte molecule that contacts the sensor
surface (or spot of capture probes) could be detected, what
is the minimum detectable concentration for a given ac-
cumulation time? Figure 1A shows the results for a 200µm
diameter hemisphere (typical of a DNA microarray), reveal-
ing in this case that the minimum concentration to detect a
few molecules in∼1 min is∼1 fM, which (we believe not
coincidentally) is roughly the state of the art for DNA
detection (∼20 fM).3,4 Figure 1B uses the same equation to
illustrate the time required to achieve 1 fM sensitivity for
smaller sensors. For radii below∼10 µm, the first term
within the parentheses in eq 2 dominates, making the
accumulation proportional to the radius. The second term
within the parentheses produces a transient enhancement for
larger sensors at shorter times.

A more realistic geometry for a microelectronic sensor22

or a DNA microarray spot23 is a disk-shaped sensing region
within a flat surface, a geometry that significantly compli-
cates the mathematics. Fortunately, analytical solutions to
many diffusion problems are often analogous to those known

from analysis of heat transfer or electrostatics. In this case,
the solution for the steady state flux to a circular area is
similar to that in the “Weber’s disk” problem in electro-
statics,24

wherer is the distance from the center of the disk. Unlike
the hemispherical case, the flux increases with the radius
and is significantly enhanced at the edges (r ≈ a).25

Integrating this flux with eq 1 yields the steady-state
accumulation of

which is linear in both radius and time and quite similar to
the steady-state solution for smaller hemispheres. One
principal difference is that for a disk and a hemisphere of
the same area, the disk accumulates∼11% less in steady
state, a phenomenon known in the analogous heat transfer
problem as constrictive resistance.26 That these two very
similar objects behave differently should be a reminder that
the sensorshapeis also an important design consideration.

Given recent advances in the use of nanowires6 and
nanotubes7 as biosensors, we chose to consider a final
geometrysa cylindrical sensor oriented perpendicular to a
channel (Figure 2). Because the nanowire/nanotube typically
resides on a surface (which occludes flux from below), it
may be approximated as a hemicylinder of length,l, and
radius,a. The accumulation is given by

whereJ0 andY0 are Bessel functions. Figure 2 plots the time
required to accumulate 1, 10, and 100 molecules from a 1

Figure 1. (A) Time required to accumulate one or 10 analyte
molecules via static diffusion onto a 200µm-diameter hemisphere
for a diffusion constant of 150µm2 s-1, characteristic of single-
stranded DNA approximately 20 bases long. After one minute, a
few molecules can be expected on the sensor for a sample
concentration of 1 fM. The inset shows the sensor geometry. (B)
Time required for this sensor to accumulate 1, 10, and 100
molecules when submerged in a semi-infinite 1 fM solution. For
radii smaller than 10µm the required time varies linearly with the
radius.

Figure 2. Time required for a 10µm long hemicylindrical sensor
to accumulate 1, 10, and 100 molecules. The sensor lies at the
bottom of a channel whose width is equal to the sensor’s length
and which is filled with a 1 fM analyte solution. For radii smaller
than ∼10 µm, the required time varies linearly with the radius.
The inset shows the sensor geometry.
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fM solution, revealing a much weaker dependence on radius
for this geometry than for a hemisphere or disk. This
difference is a consequence of the fixed length of the
hemicylinder: only two dimensions are being varied and not
three. This indicates that the sensor length,l, is the critical
dimension for a hemicylinder since accumulation increases
linearly (eq 5) with increasing length but only weakly with
radius (N ∝ a<0.25 for practical time scales). Thus, sensitivity
will be increased by using longer structures if the transduc-
tion signal-to-noise does not decrease more than linearly with
length. Moreover, there is little penalty for reducing the wire
radius if the S:N can be improved thereby.

The fundamental obstacle facing the smallest sensors is
seen in these first two figures. For example, in Figure 1B, if
we assume that∼10 molecules are required for reliable
detection, at 1 fM the average time required to accumulate
a sufficient number of molecules on a submicron hemi-
spherical sensor exceeds any reasonable assay time (i.e.,
days). Even when long detection times are acceptable, the
stability of the measurement can become an issue because
of other effects, such as nonspecific adsorption, desorption
of previously captured molecules, sample degradation, and
the stochastic nature of measuring only a few molecules.
The situation worsens for molecules with smaller diffusion
constants. For example, proteins with molecular weights
∼100 kDa (e.g., antibodies) diffuse about an order of
magnitude slower, so the accumulation would be∼10 times
less; the accumulations shown would require∼10 fM, or
∼1 pg/mL.

Although it is clear from the recent literature that mass
transport limitations deserve wider consideration, many
scientists have encountered these limitations and have
therefore developed methods for enhancing the total flux to
the sensor. For instance, analyte molecules can be actively
directed toward the sensor via electrostatic fields, a method
which has been demonstrated for nucleic acids and proteins.27

Similarly, target molecules can be attached to magnetic
particles that are then directed toward the sensor via magnetic
field gradients.9 Finally, the sensitivity limitations inherent
to smaller sensors could be overcome through large-scale
integration of many sensors into a closely packed array
(assuming it can be kept small enough to work within a
microfluidics system).

Flowing sample past the sensor is one method of increasing
the flux; however, the enhancement becomes marginal for
nanosensors. Although fluid flow significantly complicates
the mathematics, approximate analytical solutions exist13 (see
Supporting Information) for some simple configurations such
as a disk (Figure 3) or a nanowire-like hemicylindrical sensor
aligned perpendicular to the flow channel (Figure 4). These
two figures show that increasing the flow rate increases the
flux to both wires and disks with the effect being more
pronounced for disks. The relative enhancement, however,
decreases rapidly with sensing area. For example, whereas
the total flux to a 100µm radius sensor (Figure 3) can easily
be increased by a factor of thirty, increasing the total flux to
a 1 µm sensor is very difficult. Even at 1000µL/min (a
difficult flow rate to achieve in practice) total flux is

increased only by a factor of∼3. This difficulty stems from
the mechanism through which flow increases total flux. For
laminar flow in a microchannel, the fluid moves most rapidly
in the middle of the channel. The more rapid flow effectively
injects undepleted solution into the middle of the channel,
thereby compressing the concentration gradient and replen-

Figure 3. (A) Total flux to a disk sensor in a microchannel at
different volumetric flow rates. The radius of the disk is stated;
the microchannel is 800µm wide and 100µm high. (B) The same
data normalized against the steady-state value without flow per eq
4. Flow is not effective at increasing total flux to smaller sensors.
The inset illustrates the sensor geometry.

Figure 4. Total flux of molecules to a hemicylindrical sensor in
a microchannel. The total flux plotted is the steady-state value at
the given volumetric flow rate for a 1 fM concentration. The points
(b, O) are the results of a FEA calculation for a hemicylinder.
The lines are calculated using the analytic expression (eq 7) for a
rectangular sensor with the same length and surface area as the
corresponding hemicylinder (i.e.,W ) πa). The sensor is 800µm
long and with the stated radius; the microchannel is 800µm wide
and 100µm high. The inset illustrates the sensor geometry.
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ishing any analyte adsorbed as the fluid moves across the
sensor. Small sensors, however, already have high concentra-
tion gradients and do not significantly deplete the solution,
so the enhancement due to fluid flow becomes insignificant
for disk sensors less than∼10 µm across. The decreased
effect of flow with radius is also present for wire-like sensors
(Figure 4), with the effect for a wire with a 10µm radius
being comparable to that for a disk with a 10µm radius.

As in the static case, some scientists have enhanced mass
transport by rethinking the use of convection. Simply
decreasing the channel height,h, would increase the ef-
fectiveness of fluid flow if the same volumetric flow rate
could be maintained. However, the pressure required to
maintain the volumetric flow rate28 increases as 1/h3 such
that, under practical pressures, the volumetric flow is reduced
and the total flux to the sensor diminished. A second
approach to obtaining the benefits of high volumetric flow
but with a limited analyte volume is to compress the analyte
flow with a higher velocity stream directly above the analyte
stream in the same channel.29 A final fluidic approach to
increasing the sensor flux is to flow the analyte through the
sensor surface by using a nanoporous membrane,30 thereby
directing the analyte directly to the sensor rather than merely
streaming it past.

Developers of biosensor devices have reported many
elegant approaches to detection, often emphasizing the
minimum number of target species or labels that can be
detected, with “single molecule” detection the implicit
goal.8-11,31Because the sensor signal-to-noise ratio increases
with decreasing size for many devices (e.g., for micro-
fabricated cantilevers), some researchers are expending
considerable effort to fabricate smaller devices.32-34 Although
unique applications certainly exist for nanoscale sensors, if
the goal is overall sensitivity, this approach may be mis-
guided. Our results suggest that the appropriate approach is
to examine the increase in S:N relative to the critical
dimension of the sensor.35 Taking the case of a disk sensor
(eq 4), if the S:N increases slower than the decrease in the
sensor radius, one will have to wait longer for the requisite
number of molecules for positive detection. Thus, overall
sensitivity is diminished and miniaturization is an in-
appropriate strategy. Even if the S:N scales with the critical
dimension, larger sensors are preferred because flux to the
sensor may be easily increased via fluidic flow. For most
practical applications, we believe the focus should be on the
minimal concentration detectable per unit time.

We conclude that detection schemes based solely on static
or conventional microfluidic delivery of analyte to micro-
or nanoscale sensing zones are unlikely to exceed the∼fM
range for assays performed in minutes.3,4 In all cases,
researchers must consider the limits imposed by analyte
transport in fluidic systems when designing biomolecular
sensors for ultrahigh sensitivity applications.
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